Induction of effective immune responses may help prevent cancer progression. Tumor-specific antigens, such as those of human papillomaviruses involved in cervical cancer, are targets with limited intrinsic immunogenicity. Here we show that immunization with low doses (10 6 infectious units/dose) of a recombinant human adenovirus type 5 encoding a fusion of the E7 oncoprotein of human papillomavirus type 16 to the carboxyl terminus of the surface antigen of hepatitis B virus (HBsAg) induces remarkable E7-specific humoral and cellular immune responses. The HBsAg/E7 fusion protein assembled efficiently into virus-like particles, which stimulated antibody responses against both carrier and foreign antigens, and evoked antigen-specific kill of an indicator cell population in vivo. Antibody and T-cell responses were significantly higher than those induced by a control adenovirus vector expressing wild-type E7. Such responses were not affected by preexisting immunity against either HBsAg or adenovirus. These data demonstrate that the presence of E7 on HBsAg particles does not interfere with particle secretion, as it occurs with bigger proteins fused to the C terminus of HBsAg, and results in enhancement of CD8 ؉ -mediated T-cell responses to E7. Thus, fusion to HBsAg is a convenient strategy for developing cervical cancer therapeutic vaccines, since it enhances the immunogenicity of E7 while turning it into an innocuous secreted fusion protein.
Induction of effective immune responses may help prevent cancer progression. Tumor-specific antigens, such as those of human papillomaviruses involved in cervical cancer, are targets with limited intrinsic immunogenicity. Here we show that immunization with low doses (10 6 infectious units/dose) of a recombinant human adenovirus type 5 encoding a fusion of the E7 oncoprotein of human papillomavirus type 16 to the carboxyl terminus of the surface antigen of hepatitis B virus (HBsAg) induces remarkable E7-specific humoral and cellular immune responses. The HBsAg/E7 fusion protein assembled efficiently into virus-like particles, which stimulated antibody responses against both carrier and foreign antigens, and evoked antigen-specific kill of an indicator cell population in vivo. Antibody and T-cell responses were significantly higher than those induced by a control adenovirus vector expressing wild-type E7. Such responses were not affected by preexisting immunity against either HBsAg or adenovirus. These data demonstrate that the presence of E7 on HBsAg particles does not interfere with particle secretion, as it occurs with bigger proteins fused to the C terminus of HBsAg, and results in enhancement of CD8
؉ -mediated T-cell responses to E7. Thus, fusion to HBsAg is a convenient strategy for developing cervical cancer therapeutic vaccines, since it enhances the immunogenicity of E7 while turning it into an innocuous secreted fusion protein.
Tumor cells of certain types of cancer express proteins, designated as tumor-specific antigens (TSAs), which are not present in nontumor cells. In neoplasias caused by oncoviruses, such as cervical cancers associated with human papillomavirus type 16 (HPV-16) and liver cancers caused by the hepatitis B and C viruses, the viral proteins represent TSAs. A natural mechanism for elimination of chronically infected or transformed cells is activation of cytotoxic T lymphocytes (CTLs) specific for the viral proteins. However, such proteins, are in general weak immunogens and do not induce adequate activation of antigen-specific T cells.
The E6 and E7 products of HPV-16 induce transformation by blocking p53 and retinoblastoma (Rb)-mediated cell cycle control pathways, respectively, and by activating cyclins E and A (44) . These proteins are constitutively expressed, albeit at low levels, in preneoplastic as well as cancer tissues and, therefore, represent persistent TSAs. Several lines of evidence suggest that E7 may be an effective immunological target for vaccines against oncogenic HPVs. Cell-mediated immunity to E7 has been demonstrated in HPV-mediated intraepithelial lesions of the uterine cervix (2, 31) . Cytolytic T cells to HPV -16 E7 have been found in the blood of women with HPV-16-positive cervical neoplasia (20) , and lymphoproliferative responses to E7 were found to inversely correlate with viral load (21) . In addition, most cervical intraepithelial lesions caused by HPV regress spontaneously, and the phenomenon is accompanied by macrophage and CD4 ϩ T-cell infiltration (12, 18) . Further, preclinical studies have shown that immunization with HPV-16 E7 in various forms elicits CTL responses and protection against tumor cells expressing E7 in mice (10) .
At present there is no vaccine against HPV. While prophylactic vaccines using virus-like particles (VLPs) from oncogenic HPVs are under advanced clinical testing (22, 40) , formulations intended for the immunotherapy of either incipient or advanced neoplasia showed discrete effects (5, 14, 16, 27, 36) . Therefore, methods to develop therapeutic vaccines need to be explored. One way to enhance the immunogenicity of tumorspecific proteins for vaccination purposes may be fusion to an innocuous but highly antigenic protein, such as the small envelope protein of hepatitis B virus (HBV). HBV is unique among animal viruses because infected cells secrete high levels of 22-nm VLPs, which are thought to be used by the virus to sequester circulating antibodies, thus hindering neutralization of infectious virions (15) . The small envelop protein [HBV surface antigen, or HBsAg(S)] is the major constituent of HBV VLPs. HBsAg(S) is an integral membrane protein, which has the capacity to self-assemble into empty particles without par-ticipation of other viral proteins (11) . Because of its intrinsic immunogenic potential, recombinant HBsAg(S) is used worldwide as vaccine against HBV.
HBsAg(S) VLPs have been used as carriers of viral envelop epitopes (8, 29, 30) and as antigens of the malaria parasite (41) . The external hydrophilic loop of HBsAg(S) near its major B cell epitope, the "a" determinant, was a preferred site for insertion of foreign antigens. However, antibody rather than T-cell responses was obtained against epitopes inserted at this position, most likely due to suboptimal display of the foreign antigens and restricted CTL induction by this domain. Recently, major histocompatibility complex class I (MHC-I)-restricted CTL responses to HBsAg and HBsAg carrying human immunodeficiency virus epitopes have been primed by DNA vaccines and VLPs (19, 34) . Yet the ability of HBsAg to enhance the immunogenicity of tumor antigens has not been explored. In this work we sought to develop an adenovirus (Ad)-based HPV-16 E7 vaccine in which the immunogenicity of E7 was enhanced at the time that its oncogenic capacity was blocked by fusion to an immunogenic integral membrane protein such as HBsAg. Our results show that C-terminal fusion of E7 to HBsAg does not interfere with the ability of this protein to assemble into VLPs and that vaccination with low doses of recombinant Ad encoding HBsAg/E7 fusion proteins induces effective E7-specific antibody and T-cell responses.
were propagated in Dulbecco's modified Eagle's medium containing 4.5 g/liter of glucose supplemented with various amounts of FBS (2 to 10%) in order to modulate the speed of cell growth. All cells were maintained at 37°C under 5% CO 2 atmosphere. Cells were transfected at 50 to 70% confluence using FuGENE (Roche, Mannheim, Germany) as suggested by the manufacturer.
Immunofluorescence. Cells growing on glass coverslips in separate wells of 24-multiwell plates were transfected with the indicated plasmids. Nearly 48 h after transfection, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and washed once with phosphate-buffered saline (PBS). Background fluorescence was reduced by quenching free aldehyde groups in 50 mM NH 4 Cl-PBS for 10 min. The cells were permeabilized by immersing the coverslips in PBS-0.2% Triton X-100 for 5 min at room temperature, washed again with PBS, and blocked in blocking solution (2% fetal calf serum, 2% bovine serum albumin, 0,2% gelatin, in PBS) for 30 min. Antibodies were diluted in blocking solution diluted 1:10 in PBS. The cells were incubated for 1 h with each antibody and were washed six times in PBS between the first and second antibody. The nuclei were stained with propidium iodide (Molecular Probes) as indicated by the manufacturer. Antibodies used were anti-flag M2 mouse monoclonal (Sigma), anti-HBsAg (Dako), and Cy2-conjugated anti-mouse antibodies (Jackson ImmunoResearch). Fluorescence was analyzed with a Leica TCS-SP confocal microscope equipped with a ϫ63 objective, with the pinhole set at 1 Airy disk unit.
Deglycosylation by endoglycosydase H. HeLa cells (10 6 ) were infected with Ad-HBsAg(S)EE7⌬1-35 at a multiplicity of infection (MOI) of 50 for 1 h at 37°C and 5% CO 2 and incubated for a further 48 h. Then the cells were lysed with buffer containing 1% NP-40, 0.1% SDS, 50 mM sodium acetate (pH 5.5) 50 mM ␤-mercaptoethanol, and protease inhibitors (Complete; Roche Diagnostics) for 1 h at 4°C. After cold spinning at 15,000 ϫ g, aliquots of 100 l of the supernatant were incubated for 1 h at 4°C in the presence or absence of 100 mU/ml of endoglycosydase H (Roche Diagnostics).
Expression and purification of E7 and HBsAg/E7 proteins. The complete HPV-16 E7 protein carrying a carboxyl-terminal six-His tag was expressed in Escherichia coli using a T7 expression plasmid [pET28a(ϩ)] (Novagen). Expression of HBsAg(S)/E7 fusion proteins in yeast was performed with the P. pastoris system (Invitrogen) using the X-33 strain and selection of recombinant clones on plates containing 100 g/ml of zeocin. The His-tagged E7 and fusion proteins were purified on nickel-agarose columns (Novagen) as indicated by the manufacturer. The purified proteins were quantified using the Bradford assay (BioRad).
Western blotting. HEK 293T ells growing on 6-cm plates were transfected with 2 g of plasmid as indicated and incubated for 48 h. The cells were then washed twice with PBS and lysed in sodium dodecyl sulfate (SDS) loading buffer containing 1 mM dithiothreitol. The cellular proteins were separated on 15% or 4 to 20% gradient (NuPAGE; Invitrogen) polyacrylamide gels by SDS-polyacrylamide gel electrophoresis, blotted onto polyvinylidene difluoride membranes, blocked with 5% milk in PBS containing 0.1% Tween 20, and incubated at room temperature with horseradish peroxidase-conjugated anti-FLAG M2 antibodies (Sigma). Antibody binding was visualized with enhanced chemiluminescence reagent (Renaissance; NEN-Perkin Elmer).
Electron microscopy. Cell monolayers were fixed in 2% glutaraldehyde-2 mM CaCl 2 -0.08 M sodium cacodylate buffer (pH 7.2), postfixed in 1% OsO 4 , block stained with aqueous uranylacetate, dehydrated in a graded series of ethanol, and embedded in Epon. Ultrathin sections (70 nm) were contrasted with uranylacetate and lead and examined with a Tecnai 12 transmission electron microscope (Fei, Hillsboro, Oregon) at 80 KV. For the ultrastructural analysis of HBsAg VLPs, negative staining of purified fractions was performed. Briefly, 10-l drops of each fraction were put on Parafilm. Upside-down electron microscopy grids were laid on top of the drops, incubated for 5 min at room temperature, washed in PBS, and subjected to negative staining with uranylacetate (10 l/grid; 1.5 min at room temperature). Samples were then rinsed in water, air dried, and visualized and photographed with a Zeiss EM-10 microscope.
Immunizations. Female 5-to 8-week-old BALB/c (H2d) and C57BL/6 (H2b) mice (WiGa-Charles River, Hamburg, Germany) were kept under conventional pathogen-free housing and caring conditions at the animal facility of the Deutsches Krebsforschungszentrum (DKFZ; German Cancer Research Center). All animal treatments were approved by the Animal Care Commission of the Government of Baden-Württemberg. Immunizations were performed with a 50-l Hamilton syringe and a 30-gauge needle to inject a volume of 30 to 40 l per dose. Mice were inoculated with 10 6 IFU/dose of either Ad-HBsAg(S)16EE7, Ad-HBsAg(S)EE7⌬1-35, or Ad-LacZ or with 10 7 IFU/dose of Ad-E7wt. All doses were administered 50% subcutaneously (dorsal skin at the level of the cervical vertebrae) and 50% intramuscularly (i.m.; muscle tibialis anterior). Protein immunizations were administered i.m. using 2 to 4 g/dose of HBV vaccine ELISA. Enzyme-linked immunosorbent assay (ELISA) plates were coated overnight with 1 g/ml of either commercially available recombinant HBsAg(S) (Engerix-B), His-tagged E7 protein, ␤-galactosidase (Sigma), or adenovirus hexon protein, as indicated, in 0.1 M carbonate buffer, pH 9.3, at 4°C and blocked in 5% fetal calf serum (FCS) in PBS for 2 h at room temperature. Plates were subsequently washed, and 100 l of 5% serum (diluted in 0.5% milk-0.1% Tween 20 in PBS) was added to each well and incubated for 1 h at 37°C. Bound antibody was detected using goat anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase (Molecular Probes) for 1 h at 37°C. Plates were developed by adding 100 l of O-phenylenediamine (Sigma). After 30 min at room temperature in a darkened area, the reaction was stopped by adding 50 l of 1 M sulfuric acid per well. Plates were read at 450 nm. Positive controls with anti-HPV-16 E7 antibodies (Oncogene) and negative controls (without serum or antibody) were run in parallel. The cutoff value for a positive result was calculated as the mean optical density (at a 1:100 dilution) for the normal sera plus three standard deviations. Titers of anti-HBsAg in serum were determined by comparison with World Health Organization-defined standards and multiplying the serum dilution with the measured antibody level (mIU/ml). Detection of HBsAg particles was performed with Monolisa (Bio-Rad).
T-cell cultures. T cells were isolated from the spleens of immunized mice 7 days after the booster immunization. Spleen cell suspensions were filtered through 70-m-pore-size cell strainers (Beckton Dickinson) and pretreated for 5 min at room temperature with 0.8% NH 4 Cl-0.1% KHCO 3 to deplete erythrocytes. After centrifugation, pellets of splenocytes were resuspended in RPMI 1640 medium supplemented with 10% FCS, 50 M 2-mercaptoethanol, 10 IU of penicillin/ml, 20 g of streptomycin/ml, and 10 IU/ml of recombinant interleukin-2 (rIL-2; Roche, Mannheim, Germany) and incubated for 2 h at 37°C with 5% CO 2 . Nonadherent cells were then collected for enzyme-linked immunospot assay (ELISPOT) analysis (see below) or were in vitro restimulated before the intracellular gamma interferon (IFN-␥) staining was performed. T cells were restimulated in vitro with RMA cells loaded with E7(49-57) peptide (E7 peptide with residues 49 to 57) by addition to the culture medium (0.1 M of peptide). Loaded cells were subsequently ␥ irradiated (100 Gy) and seeded at 2.5 ϫ 10 4 cells/well in RPMI 1640 medium supplemented with 5% FCS, 50 M 2-mercaptoethanol, and 10 IU/ml rIL-2 in 96-well plates. T cells were added to the wells of stimulator cells at 2 ϫ 10 5 cells/well. On day 7 intracellular cytokine staining was performed.
Intracellular cytokine staining and fluorescence-activated cell sorting analysis. Restimulated T cells were transferred to 24-well plates (1 ϫ 10 6 cells/well) and incubated for 1 h at 37°C with 5% CO 2 in the presence of 1 g/ml of E7(49-57) peptide and 1 g/ml (each) anti-CD28 and anti-CD49d monoclonal antibody (BD Biosciences, Heidelberg, Germany). Then, cytokine secretion was blocked by adding 10 g/ml of brefeldin A (Sigma). After 6 h, the cells were washed with PBS-3% FCS and surface stained with rat anti-mouse CD8 ϩ -fluorescein isothiocyanate antibody (BD Pharmingen) and 7-aminoactinomycin D (7-AAD; Sigma) for 30 min on ice. Unbound antibody and 7-AAD were washed with PBS-3% FCS, and the cells were fixed for 15 min on ice and permeabilized with Cytofix/Cytoperm solution (BD Pharmingen) in the presence of 10 g/ml actinomycin D (AD) (Sigma). AD was added to the solutions used for the following steps to avoid DNA binding of fluorescent 7-AAD that can leak out of stained cells into unstained cells after permeabilization. After cells were washed twice with Perm/Wash buffer (BD Pharmingen) containing AD, intracellular IFN-␥ staining was performed with Perm/Wash-AD buffer containing phycoerythrin-conjugated rat anti-mouse IFN-␥ antibody (clone XMG1.2; BD Pharmingen) for 30 min on ice. Stained cells were washed twice with Perm/ Wash-AD buffer and once with PBS-3% FCS-AD. Cells were then filtered through a cell strainer cap into a 5-ml polystyrene tube (BD Labware) to be immediately analyzed. As a negative control, splenocytes were incubated in the absence of peptide but otherwise treated identically. Flow cytometry was performed using a FACSCalibur (Becton Dickinson, San Jose, CA) instrument, and the CellQuest software (Becton Dickinson) was used for data acquisition and analysis. A total of 1 ϫ 10 4 events were analyzed for fluorescence intensity. The CD8 ϩ fraction was gated after debris was gated out using the 7-AAD staining. IFN-␥ ELISPOT assay. The numbers of peptide-specific, interferon IFN-␥-producing cells were determined as follows. Multiscreen-HA filtration plates (96-well; Millipore, Bedford, MA) were coated overnight at 4°C with 5 g/ml of anti-mouse IFN-␥ antibody (clone R4-6A2; BD Pharmingen) in PBS. After being washed with PBS, the plates were blocked with PBS-1% FCS for 1 h at 37°C. Freshly isolated splenocytes were plated on precoated ELISPOT plates at densities of 5 ϫ 10 4 to 1.25 ϫ 10 5 live cells per well in 100 l of culture medium (RPMI 1640, 10% FBS, 50 U/ml penicillin-streptomycin) along with 10 IU/ml of IL-2 (Roche, Mannheim, Germany). The splenocytes were incubated for 24 h at 37 C in 5% CO 2 in the presence or absence of 1 g/ml of HPV-16 E7(49-57) peptide. Then, the plates were washed twice with PBS-0.05% Tween 20, rinsed in PBS, and incubated overnight at 4°C with 2.5 g/ml biotinylated anti-mouse IFN-␥ antibody (clone XMG1.2; BD Pharmingen). Following extensive washing with PBS, the plates were incubated for 2 h at room temperature with streptavidin-alkaline phosphatase conjugate (BD Pharmingen), diluted 1:500. After washing with PBS, the reaction was developed by the addition of 5-bromo-4-chloro-3-3-indolyl phosphate-nitroblue tetrazolium solution (Sigma). Finally, the plates were washed with tap water and allowed to dry overnight. The number of spots was measured with the aid of an ELISPOT reader (Zeiss-Vison C; Zeiss, Oberkochen, Germany).
In vivo CTL assay. To detect cytotoxic activity in vivo, C57BL/6 mice were immunized at 2-week intervals either with 1 ϫ 10 6 IFU (i.m.) of Ad-HBsAg(S) EE7⌬1-35 or Ad-E7 wild-type vectors, or with 4 g of HBsAg(S)16E7⌬49-57 particles. Six days after the fourth injection, we assessed CTL activity in vivo as previously described (1, 13) . Single cell suspensions of splenocytes from donor naïve mice (1 ϫ 10 7 cells/ml) were divided into three identical populations: one was pulsed with peptide E7(49-57) and labeled with 0.08 M 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE low target cells), another population was not pulsed with peptide but was labeled with 0.5 M CFSE (CFSE int control cells), and the third was pulsed with peptide HBsAg(S)(208-215) and labeled with 3 M CFSE (CFSE high target cells). After washing, an equal number of cells from each population was mixed into one suspension and injected intravenously into recipient immunized mice (15 ϫ 10 6 cells/mouse). At 16 h after injection the mice were sacrificed for their lymph nodes and spleens. Cell suspensions were analyzed by flow cytometry counting up to 1 ϫ 10 4 CFSE-positive cells. Differential CFSE intensities permitted detection of each cell population. Specific lysis was calculated as follows: % specific lysis ϭ [100 Ϫ (ratio primed ϫ 100)/(ratio unprimed)], where ratio ϭ (% CFSE low or CFSE high )/(%CFSE int ).
RESULTS

Construction and expression of HBsAg(S)/HPV-16 E7 fusions.
In order to generate constructs encoding chimeric HBsAg(S) proteins, an HBsAg(S) gene was amplified whose stop codon was replaced by the EcoRV cleavage sequence (Fig. 1A) , which encodes two additional amino acids (D and I) between HBsAg(S) and the foreign antigen. In contrast to HBsAg, HPV genes have codon biases divergent from human genes, and as consequence their protein expression is restricted in human cells (39) . Therefore, we used a synthetic, codon-optimized E7 gene (EE7) previously shown to drive expression of high levels of E7 protein in transient transfections (4) . The complete EE7 gene or a truncated mutant devoid of codons 1 to 35 (EE7⌬1-35), both carrying a FLAG tag, were used for fusion at the 3Ј end of HBsAg(S) (Fig. 1A) . EE7⌬1-35 encodes an E7 polypeptide that has lost its transforming capability as it has no Rb binding domain (4) while still containing relevant E7 antigenic epitopes. The resulting fusion genes, encoding proteins named HBsAg(S)16E7 and HBsAg(S) 16E7⌬1-35 bearing wild-type or truncated E7, respectively, were cloned into E1/E3-deleted adenovirus expression vectors [Ad-HBsAg(S)16EE7 and Ad-HBsAg(S)16EE7⌬1-35], which were used in subsequent vaccination studies.
The topology of the fusion proteins in the endoplasmic reticulum (ER) and VLPs, in agreement with previous experimental data (3, 15) and current algorithms for the prediction of transmembrane domains (37) , consists of three hydrophobic regions with four transmembrane domains and luminally exposed N-and C-terminal segments (Fig. 1B and C) . The first and second transmembrane domains are separated by a 50-residue cytoplasmic loop, and the second and third are separated by a 60-residue luminal domain containing the major B-cell epitope (the "a" determinant) (15) . Accordingly, the E7 polypeptides in the fusion proteins were expected to appear on the luminal side of the ER (Fig. 1B and C) and, therefore, on the outside of the chimeric VLPs. Supporting the likelihood of the appearance of E7 on the surface of the C terminus was the fact that intact VLPs containing the HBsAg(S)16E7 or HBsAg(S)16E7⌬1-35 fusion proteins bearing a His tag at the carboxyl terminus of E7 were readily purified on Ni-nitrilotriacetic acid agarose columns upon expression in yeast cells. These particles were comparable in structure to wild-type HBsAg(S) particles, as shown by electron microscopy of negatively stained fractions (data not shown). In addition, recombinant HBsAg(S)16E7 and HBsAg(S)16E7⌬1-35 reacted in Western blots with specific anti-HBsAg antibodies ( Fig. 2A) , as well as with anti-FLAG and anti-E7 antibodies (not shown), as proteins with apparent molecular sizes of 40 and 33 kDa, respectively. Proteins of the same size were seen in blots of human HEK 293T cells that had been transfected with mammalian expression plasmids encoding HBsAg/E7 fusion proteins with a C-terminal FLAG tag (Fig. 2B) . Like wild-type HBsAg(S), the fusion proteins were also glycosylated and appeared as doublets, of which the upper glycosylated band disappeared after endoglycosydase H treatment (Fig. 2C) . Similar results were obtained with cells infected with the Ad-HBsAg/E7 vectors (data not shown). These data suggested that particle assembly as well as posttranslational processing and folding of HBsAg(S) was not altered by the fusion of E7 to its carboxyl terminus. HBsAg(S)/E7 proteins assemble into VLPs and are secreted by mammalian cells. To determine whether the HBsAg(S) 16E7 and HBsAg(S)16E7⌬1-35 fusion proteins assembled into VLPs and were secreted by mammalian cells, we transfected HeLa cells and 72 h later collected the supernatants and analyzed them for the presence of HBsAg using a sensitive commercial assay (Monolisa). As shown in Fig. 2D , cells transfected with plasmid encoding the fusion proteins secreted HBsAg(S) particles at levels comparable to cells transfected with a plasmid encoding wild-type HBsAg(S), suggesting that the fusion protein was properly exocytosed. Assembly of the fusion proteins into VLPs in mammalian cells was shown by electron microscopy of Vero cells expressing HBsAg(S)16E7 or HBsAg(S)16E7⌬1-35 to reveal large vacuoles (Fig. 3a, V) containing particles of about 20 to 25 nm in diameter (Fig. 3b) , similar to those formed naturally during human infection with HBV or in cells expressing HBsAg(S) (26) . Vacuoles containing HBsAg(S)16E7 VLPs were seen releasing their content to the extracellular space (Fig. 3c) . The pattern of assembly was comparable among those HBsAg particles bearing truncated E7⌬1-35 (Fig. 3) or full-length E7 (not shown).
The intracellular localization of the HBsAg(S)16E7 and HBsAg(S)16E7⌬1-35 proteins was also studied by confocal microscopy. Series of confocal sections of cells showed a perinuclear pattern (Fig. 4A) and vesicular distribution throughout the cytoplasm, especially in the basal planes (Fig. 4A, xy1,  and B) . Likely, these vesicles carried HBsAg(S)16E7 particles to the cell surface for exocytosis. Careful analysis of confocal sections revealed small fluorescent spots of HBsAg(S)16E7 in vacuolated structures in nontransfected cells in the vicinity of HBsAg(S)16E7-expressing cells (Fig. 4A, arrowheads) . Such spots could represent the endocytosis of HBsAg(S)16EE7 particles or their aggregates. Altogether, these results are in agreement with those shown in Fig. 2C and are consistent with appropriate packaging and secretion of the fusion proteins.
Antibody responses against E7 and HBsAg(S) in mice inoculated with Ad-HBsAg(S)/E7. In a first series of immunization experiments, we tested the antibody responses to HPV-16 E7 and HBsAg after vaccination with vectors encoding the HBsAg/E7 fusion proteins. Because preliminary experiments using plasmid DNA under physiological conditions (4 g/dose of endotoxin-free plasmid administered i.m. without adjuvant four times at 2-week intervals) resulted in weakly positive reactions (data not shown), subsequent experiments were carried out with the recombinant adenovirus vaccines. BALB/c mice (n ϭ 10 per group) were immunized with three doses of 10 6 IFU/ dose of Ad-HBsAg(S)16EE7 or Ad-HBsAg(S)16EE7⌬1-35 or of 10 7 IFU/dose of Ad-E7wt, which carries a wild-type E7 gene. A 10-fold higher dose of the latter was used to achieve a level of expression of E7 protein equivalent to that obtained with the Ad vectors encoding the fusion genes, which carried codon-optimized E7 sequences. This was necessary because production of recombinant Ad-EE7 virus was not possible, most likely due to the toxicity of excessive expression of E7 (4; T. Kovalik, personal communication). However, infection experiments in vitro showed that cells infected with a 10-fold higher dose of Ad-E7wt expressed levels of E7 protein comparable to those of cells infected with Ad-HBsAg(S)16EE7 (Fig. 5A) .
The mice received Ad at 2-week intervals. Two weeks after the second and third inoculations, sera were collected and tested for antibodies to E7 and HBsAg by ELISA on plates coated with either His-tagged E7 protein expressed in bacteria or commercially available HBsAg (Engerix B). The mice developed progressively higher titers of anti-E7 and anti-HBsAg(S) IgG antibodies in serum. As shown in Fig. 5B , after the third inoculation, values for anti-E7 at a serum dilution of 1:200 were over 1 optical density unit at 450 nm (OD 450 ), with a tendency to be slightly higher in mice immunized with AdHBsAg(S)16EE7⌬1-35 ( Fig. 5B and C) . The extinction curves of anti-E7 titers showed values within the linear range of the ELISA system used and extinction coefficients beyond 6,400 (Fig. 5C) . Such kinetics of antibody responses is in agreement with previous reports of immunization with adenovirus vectors expressing HPV-16 L1 (23). In contrast, the anti-E7 titer of sera derived from mice immunized with Ad-E7wt was nearly (17) . Two weeks after the third boost, the serum reactivity to HBsAg(S) was tested and a response was obtained, which was absent in the control mice injected with saline ( Fig. 6A and C, respectively) . Subsequent immunization with Ad-HBsAg(S)16EE7⌬1-35 as described in the previous section induced anti-E7 antibody titers slightly lower than those of control mice immunized with the same virus (Fig. 6A , middle column). In these mice, the anti-HBsAg titer increased further and was indeed significantly higher than the anti- HBsAg titer seen in the control mice (Fig. 6C ) and even higher than the anti-E7 titer.
Because immunity to Ad may also be present in a subset of the population, in another series of experiments we tested whether previous immunity against Ad could interfere with immunization with the Ad vectors. To this end, a group of mice was first immunized with an Ad-LacZ vector of the same serotype as the Ad-HBsAg(S)/E7 recombinant. Two weeks after the third inoculation, high to moderate titers of antibodies against ␤-galactosidase and the hexon protein of Ad were detected (Fig. 6B ), which were absent in saline-injected control mice (Fig. 6C) . Ad vector neutralization titers in these mice, defined as the reciprocal dilution of serum required to reduce infectivity of Ad-HBsAg(S)/E7 to 50% with preimmune serum as the baseline control, were found to be in the range of 16 to 32. One week later, the Ad-LacZ preimmunized mice were vaccinated with Ad-HBsAg(S)16EE7⌬1-35 as above. These mice developed antibody responses against both E7 and HBsAg(S), which were comparable to those of saline-injected mice inoculated likewise with Ad-HBsAg(S)16EE7⌬1-35 ( Fig.  6C) , indicating that preexisting antibodies against the Ad vector were not able to affect infection by Ad-HBsAg(S) 16EE7⌬1-35.
E7-specific CD8
؉ /IFN-␥ T-lymphocyte responses in mice vaccinated with Ad encoding HBsAg/E7 fusion proteins. The level of E7-specific CD8 ϩ T cells in splenocytes from mice immunized with Ad encoding HBsAg/E7 fusion proteins was determined by intracellular cytokine staining and IFN-␥ ELI-SPOT tests upon in vitro restimulation. Groups of C57BL/6 mice (n ϭ 10 per group) were inoculated four times at 2-week intervals with 10 6 IFU of either Ad-HBsAg(S)16EE7 or AdHBsAg(S)16EE7⌬1-35 or 10 7 IFU of Ad-E7wt. One week after the last immunization, the mice were sacrificed, and the splenocytes were processed and restimulated as described in the Materials and Methods section.
We used for restimulation a well-characterized HPV-16 E7 peptide, which is a MHC-I CTL epitope in H2b mice [E7(49-57), RAHYNIVTF]. This peptide should enhance the in vivo induced CD8
ϩ T-cell response without altering its hierarchy (46) . We analyzed the restimulated lymphocytes by IFN-␥ staining, followed by flow cytometry and by IFN-␥ ELISPOT, and measured the percentage of E7-specific CD8 ϩ T cells. In all groups tested, 80% of mice responded with high levels of specific CD8 ϩ T cells. As illustrated in Fig. 7A for each group of vaccinated mice, the intracellular IFN-␥ response in T lymphocytes upon in vitro restimulation was higher in the mice immunized with Ad encoding the fusion proteins compared to mice vaccinated with Ad-E7wt. This result was consistently reproduced with the IFN-␥ ELISPOT tests (Fig. 7B) . The stronger difference between the vectors expressing HBsAg/E7 and wild-type E7 protein seen with the intracellular IFN-␥ staining (ϳ20-to 36-fold) compared to the ELISPOT (ϳ5-to 7-fold) may be due to differences in sensitivity between the two methods. A tendency for Ad-HBsAg(S)16EE7⌬1-35 to elicit significantly higher (ϳ35%) numbers of E7-specific CD8 ϩ T cells than Ad-HBsAg(S)16EE7 was also observed. The IFN-␥ ELISPOT assay confirmed this tendency, albeit with a somewhat lower difference (ϳ20% higher) (Fig. 7B) .
Cytotoxic T-cell responses induced by Ad-HBsAg(S)/E7 vectors in vivo. To evaluate the ability of Ad vectors encoding HBsAg/E7 fusion protein to induce efficient cytotoxic responses in vivo, we challenged immunized C57BL/6 (H2b) mice with splenocytes from naïve mice loaded with E7 and HBsAg(S) peptides. Groups of C57BL/6 mice (n ϭ 10 per group) were vaccinated four times at 2-week intervals with 1 ϫ Serum reactivity to HBsAg(S) was tested after 2 weeks after the third boost (left column). Subsequently, the mice were inoculated three times at 2-week intervals with Ad-HBsAg(S)16EE7⌬1-35. Serum samples were taken 2 weeks after the last inoculation and antibody titers against E7 and HBsAg were tested. (B) Vaccination of C57BL/6 mice (n ϭ 10) preimmunized with Ad-LacZ. Mice were inoculated with Ad-LacZ at days 0, 14, and 28, beginning 2 weeks after the last boost antibody responses to the ␤-galactosidase and hexon proteins were tested. Subsequent vaccination with Ad-HBsAg(S)16EE7⌬1-35 induced additional antibody response against E7 and boosted the antiHBsAg(S) (third and fourth columns from the left, respectively) (compare with panels A and C). (C) A control group of 10 C57BL/6 mice were injected with saline three times at 2-week intervals. Two weeks after the last injection the mice were tested for HBsAg, ␤-galactosidase, and Ad hexon antibodies. Then the mice were inoculated with Ad-HBsAg(S)16EE7⌬1-35 and tested as above for E7 and HBsAg antibodies. ELISA plates were coated with the indicated proteins as described in Materials and Methods. Data are the mean of 10 serum samples; the error bars represent one standard deviation from the mean values. Sera were diluted 1:200, and the cutoff value was 0.045 throughout. vaccinated and control naïve mice. At 16 h after adoptive transfer, we followed the fate of peptide-loaded spleen cells in vivo by flow cytometry analysis of T lymphocytes from the spleen and lymph nodes, which revealed the three distinct CFSE-labeled indicator cell populations.
Quantitative analysis of specific lysis (Fig. 8 ) was performed as described elsewhere (13) . The E7(49-57)-loaded population was markedly reduced in mice vaccinated with AdHBsAg(S)16EE7⌬1-35, as deduced from the higher percentages of specific lysis seen in both spleen (35%) and regional lymph nodes (40%) with this vector (Fig. 8) . In contrast, the mean specific lysis obtained in the same tissues with Ad-E7wt was 2% and 4%, respectively. These values were even lower than the lysis seen in mice vaccinated with HBsAg(S) particles (9% and 12%, respectively). The HBsAg(208-215) peptide induced markedly lower specific lysis than the E7(49-57) peptide under these experimental conditions. Higher percentages of specific lysis in the regional lymph nodes were consistently observed in all animals tested, which may reflect an accumulation of E7-and HBsAg-specific cytotoxic T cells in this tissue. These results further confirmed the ability of the Ad vectors encoding HBsAg/E7 fusion protein to induce cytotoxic responses in vivo.
DISCUSSION
Antigen-specific T-cell reactivity is an essential component of cellular immunity against self proteins, viral agents, and tumor antigens. The improvement of methods for the enhancement of the immunogenicity of TSAs is a prerequisite for the development of new immunotherapy strategies. The replicative cycle of tumor viruses like HBV and HPV appears to have adapted to the host in a way that allows infected tumor cells to remain undamaged by the immune system (15, 39) . Thus, in approximately 10% of adult women HPV-16 persists in the uterine cervix for more than 2 years. These women are at high risk to develop intraepithelial neoplastic lesions that may progress to invasive cancer over a period of 1 to 2 decades. During chronic infection, HPV-16 remains integrated into the host genome in a nonreplicative state. However, it provides constitutive expression of two nuclear factors, E6 and E7, with transforming capacity (43, 45) . These proteins represent TSAs with eventually high antigenic capacity, albeit their competence to induce effective cellular immune responses is somehow compromised in the tumor context. Thus, for instance, immunocompetent cervical cancer patients develop poor E7-specific cellular responses to endogenous as well as vaccineadministered E7 (39) .
The aim of this work was to enhance the immunogenicity of the HPV-16 E7 protein by fusion to HBsAg as an immunogenic carrier in order to develop a therapeutic vaccine for cervical cancer caused by HPV-16. HBsAg was chosen because it is a safe protein that has been used during the last 2 decades as a vaccine against HBV. We reasoned that a chimeric HBsAg/E7 protein should be safe, since E7 that is anchored to an integral membrane protein is no longer able to reach the nucleus where it has its transforming effects. Furthermore, a truncated mutant of E7 without the Rb domain was also tested, which would provide additional safety in case proteolytic cleavage releases E7 from the fusion protein. In addition, we sought to develop an immunization approach that could be scaled up and applied to cervical cancer immunotherapy. Therefore, the use of adjuvants not permitted in human vaccines was avoided. Instead, we preferred vaccinating the mice with doses of recombinant Ad that, when scaled up for human application, would be in the range of 10 9 to 10 10 IFU/dose, a range that is considered adequate and safe (25) . Inoculation of mice with recombinant Ad up to 10 10 IFU/dose has been used for immunization (38) ; however, if the dose/body weight ratio is to be maintained, this would imply inoculating patients with 10 13 IFU/dose, which may have toxic effects (25) .
Fusion to the C terminus of HBsAg(S) of either the complete or a truncated E7 did not affect the capacity of this protein to self-assemble into VLPs, as shown by electron microscopy. This was a major concern, since large polypeptides like the green fluorescent protein block particle secretion when fused to the carboxyl terminus of HBsAg (A. Cid-Arregui and FIG. 8. Cytotoxic responses induced by vaccination with Ad encoding HBsAg/E7 fusion proteins determined by antigen-specific kill of indicator cell populations. C57BL/6 mice (n ϭ 10 per group) were immunized at 2-week intervals with Ad-HBsAg(S)16EE7⌬49-57, Ad16E7wt, or recombinant HBsAg(S)16E7⌬49-57 VLPs. Six days after the fourth boost immunization, splenocytes from naïve mice were loaded with either E7(49-57) or HBsAg(S)(208-215) peptides or left unloaded and subsequently labeled with CFSE to low, high, and intermediate concentrations, respectively. Equal amounts of labeled cells were mixed, and 15 ϫ 10 6 cells of the mixture was injected intravenously into control naïve and vaccinated mice. Lymphocytes from spleens and regional lymph nodes were taken 20 h after injection and analyzed by flow cytometry. Represented are the mean percentages Ϯ standard deviations of specific CTL activities in the different groups of mice calculated as described in Materials and Methods. Since insertions at the N terminus or near the major antigenic site of HBsAg(S) (the "a" determinant) have been found to reduce or abolish particle secretion depending on the inserted sequence (7, 9, 24) , the C-terminal tail of HBsAg appears to be of choice for insertion of large foreign antigens. A fundamental feature of virus vector-based immunization is the in situ production of exogenous proteins, which mimics in this respect a viral infection. De novo synthesis ensures presentation of virus-encoded antigens by MHC-I molecules and induction of CTLs. Moreover, released VLPs from infected cells can induce antibodies and also prime specific CD8 ϩ CTLs (33) . Accordingly, mice vaccinated with Ad vectors encoding HBsAg/E7 developed antibody and CTL responses against both E7 and HBsAg. We found that antibody (IgG) titers were higher for E7 than for HBsAg. Nonetheless, the anti-HBsAg titers obtained were comparable to those described in previous reports on DNA-mediated immunization to HBsAg (28) . Given the low immunogenicity of E7 (39), our results suggest a synergistic effect of the fusion protein. This notion was further supported by the fact that the antibody response to E7 elicited by the Ad-HBsAg/E7 vaccines was higher than that induced by immunization with Ad-E7wt, in spite of the fact that this virus was inoculated at doses one order of magnitude higher. This result was somehow expected, since in contrast to E7wt, the HBsAg/E7 fusion proteins undergo secretion, which facilitates their presentation by antigenpresenting cells. A trend was noted for the Ad encoding HBsAg/ truncated E7 to induce slightly higher anti-E7 titers than the virus encoding the fusion protein with the complete E7, which may be due to differences in secretion between both proteins (see below). Even though antibody responses may not play an important role in HPV-16 anti-tumor responses, they may be of interest in combined prophylactic/therapeutic vaccines carrying HPV capsid epitopes.
A major concern when using HBsAg as vaccine carrier and Ad as vector is that a significant percentage of the human population carries anti-HBsAg and/or anti-Ad antibodies as a consequence of either vaccination or natural infection. However, our results indicate that preexisting immunity neither to HBsAg(S) nor to Ad following prevaccination with recombinant protein or Ad-LacZ significantly affected the efficiency of the Ad-HBsAg(S)/E7 vectors to induce antibody responses to E7 and HBsAg. In agreement with this, relatively low neutralization titers to Ad-HBsAg(S)/E7 virus were found in mice preimmunized with three doses of Ad-LacZ, which may be explained by the low viral doses used in this study (10 6 IFU/ dose). Further, the intramuscular administration of the vaccine may have facilitated evasion from circulating neutralizing antibodies as it has been shown for oral administration of Ad vectors (42) . Prevaccination with HBsAg particles, however, gave rise to higher antibody titers to this protein than those obtained without prevaccination or prevaccinating with AdLacZ, as could be expected from a prime-boost protocol.
Most importantly, immunization with Ad-HBsAg(S)/E7 vectors induced E7-specific CD8 ϩ cytotoxic T-cell reactivity both in vitro and in vivo. Significant CD8 ϩ T-cell responses to E7 by intracellular cytokine staining for IFN-␥ were seen after vaccination with Ad encoding the fusion proteins and to a remarkably lesser extent with Ad-E7wt, in contrast to control animals where no response was seen. The CD8 ϩ responses were higher in mice immunized with Ad encoding truncated E7 fusion protein. This was in agreement with the antibody responses obtained with these viruses and may reflect the apparently higher efficiency with which HBsAg(S)16E7⌬1-35 is secreted (Fig. 2D) . Even more interesting was the ability of the AdHBsAg(S)16EE7⌬1-35 vaccine to induce a high percentage of specific kill of E7-loaded cells as detected in spleen and regional lymph nodes, while only a fourfold lower HBsAg-specific kill against a well-defined HBsAg epitope was seen with the same vector. These results suggest that there is no competitive immunodominance of HBsAg CTL epitopes that could reduce the anti-E7 response. An additional finding of the in vivo specific kill experiments was that immunization with HBsAg/E7 recombinant protein induced lower responses than the Ad vector expressing the same protein, suggesting that genetic immunization with low doses of recombinant Ad is more efficient than protein immunization. These results further strengthen the concept of an enhancement of the E7 immunogenicity by HBsAg.
Taken together, our data support the notion that vaccines based on chimeric HBsAg(S) carrying C-terminally fused E7 could be an effective immunotherapy for cervical cancers caused by HPV-16 and at the same time provide immunization against HBV. Preclinical studies under way will determine whether the Ad-HBsAg(S)/E7 vectors of this study are also able to induce effective cell-mediated immunity in humans. In summary, a vaccine approach based on the combination of HBsAg(S) as carrier, codon-optimized sequences, and adenovirus delivery appears to be safe and efficient for the improvement of antibody and CTL responses to tumor antigens and could be useful to develop therapeutically relevant polytopic vaccines targeting viral-and tumor-specific antigens.
